Abstract-Temporal-metabolomic studies of local mediators during inflammation and its resolution uncovered novel pathways and mediators, e.g., lipoxins, resolvins, and protectins that stimulate key resolution responses. Since these studies were carried out with isolated human cells and in animal models, it is important to determine in humans whether temporal profiles between pro-inflammatory mediators and pro-resolving mediators are demonstrable in vivo. To this end, we examined patients undergoing abdominal aortic aneurysm (AAA) surgery. Profiles of mediators including eicosanoids were assessed in addition to pro-resolving mediators. The results demonstrate temporal relationships for local-acting peptides (e.g., VEGF, IL-10, TGF β ) and lipid mediators (leukotrienes and resolvins). In addition, profiles obtained for AAA patients divided into two groups based on their temporal profile: one group consistent with a pro-inflammatory and another with a resolving profile. Together, these translational metabolomic profiles demonstrate for the first time the temporal relationships between local mediators in humans relevant in inflammation resolution.
INTRODUCTION
The acute inflammatory response is a complex multi-cellular process that protects the host against infection and injury and is ideally self-limited, resolving on its own [1] . A body of recent evidence indicates that this protective mechanism resolves as a programmed temporal response that is biosynthetically active at the tissue level in experimental animal models, and permits the tissue to return to homeostasis [2] . Hence, excessive inflammatory responses may arise from the loss of endogenous resolution programs, and can lead to the progression of many chronic inflammatory diseases where uncontrolled inflammation plays a role such as in arthritis, Alzheimer's disease, and atherosclerosis [3, 4] . The local acute inflammatory response is also initiated by surgery [1] . Surgical intervention triggers the release of local-acting chemical mediators including pro-inflammatory cytokines and lipid mediators, the clearance of which is critical for cessation of the acute inflammatory response and proper wound healing [5, 6] . Recent evidence demonstrates that the biosynthesis and release of a new genus of endogenous specialized proresolving lipid mediators (SPM) promotes the active resolution of acute inflammation (reviewed in [7] ).
ABBREVIATIONS: 17-HDHA, 17S-hydroxy-docosa-4Z,7Z,10Z, 13Z,15E,19Z-hexaenoic acid; 18-HEPE, 18-hydroxy-eicosapentaenoic acid; 12-HETE, 12-hydroxyeicosatetraenoic acid; 15-HETE, 15-hydroxyeicosatetraenoic acid; LOX, lipoxygenase; LTB 4 , leukotriene B 4 5S,12R-dihydroxy-eicosa-6Z,8E,10E,14Z-tetraenoic acid; LXA 4 , lipoxin A 4 5S,6R,15S-trihydroxy-eicosa-7E,9E,11Z,13E-tetraenoic acid; 15-epi-LXA 4 , 5S,6R,15R-trihydroxy-eicosa-7E,9E,11Z,13E-tetraenoic acid; PGE 2 , prostaglandin E 2 , 9-oxo-11a,15S-dihydroxy-prosta-5Z,13E-dien-1-oic acid; Rv, resolvin; RvE1, resolvin E1 (5S,12R,18R-trihydroxyeicosa-6Z,8E,10E,14Z,16E-pentaenoic acid) Pro-inflammatory lipid mediators, such as the prostaglandins and leukotrienes, are well known for their roles in initiating the inflammatory response [8, 9] . It is now clear from results in murine systems in vivo that a temporal class switch occurs in the inflammatory exudate during acute inflammation; leukotrienes and prostaglandins in the initial phase of inflammation, followed by arachidonic acid-derived lipoxins [7, 10] and the novel families of docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA)-derived mediators, namely resolvins, protectins and maresins, during the latter phase [11] [12] [13] [14] . These endogenous resolution agonists orchestrate the non-phlogistic clearance of apoptotic PMN (termed efferocytosis), reduce proinflammatory cytokines and lipid mediators, as well as enhance the removal of cellular debris in the inflammatory milieu [15] . Importantly, the SPM biosynthesized temporally during the transition from the initiation to resolution phase in turn prevent further neutrophilic infiltration into the tissue. Hence, SPM play pivotal roles both in limiting neutrophils and neutrophil-derived agents (i.e., reactive oxygen species) at the inflammatory site or exudate, while enhancing clearance by macrophages.
Of the many currently available anti-inflammatory drugs, aspirin has the unique property to both block the formation of pro-inflammatory and pro-thrombotic prostaglandins and thromboxanes, and to jump-start resolution by initiating the biosynthesis of SPM, aspirintriggered 15-epi-lipoxins and resolvins [11, 12, 16] . The biosynthesis and actions of these local mediators were identified in vivo during inflammation-resolution in animal disease models, where administration of an inflammatory stimulus takes place at a fixed time zero to initialize a self-limited inflammatory response [reviewed in ref . 7] . To address the temporal relationships of these responses in humans, a system with a fixed time zero is necessary to permit the analysis of temporal profiles of local chemical mediators before and after initiation. As in experimental animal models, the kinetics of leukocytic infiltration and the presence of biomarkers of biosynthetic pathways at specific time intervals within the inflammatory response provide determinants of resolution and serve as resolution indices in vivo [15] .
Here, we investigated in patients undergoing open abdominal aortic aneurysm (AAA) repair the temporal relationships between chemical mediators of inflammation and its resolution, focusing on both lipid and peptide-derived local mediators. The chemical mediators profiled herein were selected for their established roles in animal models of inflammation and their functions as pro-inflammatory mediators and mediators of resolution with isolated human cell types and tissues. These results document the temporal relationship between local-acting mediators in humans using liquid chromatography-mass spectrometry (LC-MS)-MS to identify key eicosanoids and biomarkers of E-and D-series resolvins and protectin pathway activation in vivo.
MATERIALS AND METHODS

Sample Collection
After institutional review board (IRB) approval of the study (IRB protocol #2006P000855 and BWH IRB Assurance #FWA00000484) and obtaining written informed consent, 15 recruited patients scheduled for surgical repair of AAA or aorto-iliac bypass surgeries were studied. Patients with other inflammatory processes, as well as patients with congestive heart failure or renal failure, were excluded from the study. Patients had an average age of 69 years with a standard deviation of 9 years. Ten patients were male and five were female. All 15 patients had hypertension and two had diabetes mellitus. Ten patients were treated with statins, 12 with low-dose aspirin, and 14 with beta-adrenergic antagonists (Table 1 ).
An arm vein and one of the radial arteries were catheterized, and the thoracic epidural catheter was placed at the T7-T9 level under local anesthesia in all 15 patients. General anesthesia was induced with During surgical repair of the AAA, the infrarenal aorta was clamped, and the segment of native aorta with the aneurysm was replaced by an allograft. The aorta was then unclamped and the abdominal surgical wound was closed.
During the perioperative period, 10 ml of blood was withdrawn prior to clamping the aorta, and 5 min, 30 min, 6 h, 24 h, 48 h, and 72 h after unclamping of the aorta. Blood samples were drawn from the central venous line (primary site) or an arterial line (secondary site). If the arterial line and central line had been discontinued in the intensive care unit before the last sample had been taken, the sample was drawn from a vein in the arm.
All medications that the patient received as well as any adverse clinical outcome (wound infection, graft failure, myocardial infarction, stroke, death, etc.) were recorded.
Standard care for anesthesia and surgery on the aorta was followed. Subjects were supposed to be removed from the study if there was significant hemorrhage due to the surgery (greater than 2,000 ml) or if the subject was hypotensive and not responsive to transfusion and vasoactive drug support. No patients needed to be removed from the present study.
Clinical Course and Sample Set
Fourteen patients underwent AAA repair and one had aorto-iliac disease and underwent aorto-iliac bypass. All 15 patients who underwent the surgery survived and did not have significant morbidity, except one patient who had a myocardial infarction on the second postoperative day; ST depression on ECG and an increase in concentration of troponin 1-25.6 ng/ml. This patient was treated with heparin. The concentration of troponin decreased and the ECG normalized. The patient was hemodynamically stable. On third postoperative day, the patient had another episode of ST depression. A cardiac catheterization revealed 90% stenosis of LAD and occlusion of RCA. Stents were placed and the following course was without complications.
Targeted LC-MS/MS-Based Lipidomics of AAA Samples
Plasma (~500 μL) was collected and added to two volumes of cold methanol for extraction and workup [17] . LC-MS/MS identification was performed for select samples from the AAA sample set collected using an Agilent 1,100 series HPLC paired with an ABI Sciex Instruments 3200 Q TRAP linear ion trap quadrupole mass spectrometer. The column (Agilent Eclipse Plus C18, 4.6 mm×50 mm×1.8 μm) was eluted at a flow rate of 0. [17] . The ion pair transitions from reported multiple reaction monitoring acquisition methods [17] were used in the present analyses for profiling and quantification. The criteria for lipid mediator identification included liquid chromatography retention time together with the matching of a minimum of six fragment diagnostic ions from the MS/MS spectrum matching those of synthetic standards for each of the targeted mediators in the present study. Deuterated standard (2 ng of d 8 -5-HETE) was added before extraction as internal standard for calculating extraction recovery for each sample.
Cytokines and Eicosanoids
Plasma levels of cytokines (R&D, Minneapolis, MN, USA) and lipid mediators (Neogen Corporation, Lansing, MI, USA) were measured using a sandwich enzyme immunoassay, according to the manufacturer's protocol. The sensitivity of the LXA 4 , 15-epi-LXA 4 , LTB 4 , TXB 2 , monoclonal PGE 2 , LTC 4 /D 4 /E 4 , 6-keto-PGF1α, sICAM-1/CD54, VEGF, IL-10, TGF-β1, and sP-selectin assays were 0.03 ng/ml, 0.05 ng/ml, 0.1 ng/ ml, 0.009 ng/ml, 0.12 ng/ml, 0.06 ng/ml, 0.05 ng/ml, 0.096 ng/ml, 9.0 pg/ml, 3.9 pg/ml, 4.61 pg/ml, and 0.5 ng/ml, respectively.
Data Analysis
The significance of difference between groups was evaluated using a two-tailed Student's t test. A P value< 0.05 was considered statistically significant.
RESULTS
Temporal Response of Chemical Mediators: Signature Profiles
The temporal responses of known peptide-derived and lipid-derived chemical mediators ( Fig. 1 and Table 2 ) during abdominal aortic aneurysm surgery were investigated in 15 patients undergoing AAA surgery at Brigham and Women's Hospital (Table 1) . We evaluated both pro-inflammatory and pro-resolving local mediator levels at close intervals before and after surgical insult in order to assess temporal relationships in humans undergoing surgical stress as well as the potential for signature profiles and/or biomarkers that could emerge. To this end, relationships between the magnitudes of these mediators in the immediate post-operative period were ascertained. On average, the eicosanoids LXA 4 , LTB 4 , LTC 4 /D 4 /E 4 , and the cyclooxygenase pathway products PGE 2 and 6-keto-PGF1α each appeared to reach maximum levels 5 min after unclamping of the aortic cross-clamp, followed by a steep decrease by 6 h. Of interest, LXA 4 , LTB 4 , 15-epi-LXA 4 , PGE 2 , TXB 2 , and LTC 4 /D 4 /E 4 levels rose to near maximum at 72 h ( Fig. 2a-g ). In Fig. 2d , PGE 2 levels increased significantly from preclamping to 5 min post-unclamping, and then decreased from 5 min to 24 h post-unclamping. From 24 to 72 h post-unclamping, PGE 2 significantly increased ( Fig. 2d ). This contrasts with the decline in prostacyclin levels (monitored as the 6-keto-PFG1α metabolite), which remained low and appeared to decrease from 6 to 72 h (Fig. 2g ). Although these levels did not prove to show statistically significant differences, they nonetheless gave consistent trends for each patient.
Inflammation and Resolution Profiles
On inspection of each patient's profile, the temporal profiles of AAA patients were clearly separable into two main groups or clusters based on the trends observed for their individual mediator response. Representative profiles of each group were selected to illustrate the general temporal trends. Overall, eight of the AAA patients cluster in group A and seven of the 15 AAA patients cluster in group B. In Fig. 3a , the representative patient from group A had higher initial levels of LXA 4 than the representative patient from group B, with a maximum at 5 min post-unclamping. In patient profile group A, LXA 4 levels declined to approximately 0.1 ng/ml, in contrast to the patient group B profile that showed a steady increase in LXA 4 levels, with a maximum at 72 h.
In Fig. 3 , the representative patient for group A gave overall lower levels of the aspirin-triggered lipoxin 15-epi-LXA 4 in comparison to the representative patient from group B, who exhibited high levels at 5 min and Fig. 1 . Lipid mediator metabolome. Arachidonic acid-, EPA-and DHA-derived mediators and pathway markers studied in the AAA patients. Also see Table 2 for functional annotations and peptide mediators.
6 h post-unclamping. In Fig. 3 , representative patient from group A also displayed initial high levels of thromboxane B 2 , the biologically inactive marker of thromboxane A 2 ( Table 2 ). The group B representative patient profile showed overall lower levels of TXB 2 with an increase at 72 h. Of interest, the representative patient A gave a dramatic LTB 4 response, a 5-LOX-derived product, immediately pre-and post-unclamping, with levels decreasing to approximately 0.1 ng/ml thereafter compared to the representative patient profile from group B that displayed consistently low levels of LTB 4 with a slight increase at 24 h. Here, the eicosanoid proinflammatory mediators such as leukotrienes (LTC 4 /D 4 / E 4 , LTB 4 ) and anti-inflammatory-pro-resolving eicosa- [7, 8] temporal changes defined two different responses of patients that underwent AAA repair. Results in Fig. 3 indicate that sICAM-1 levels in both representative patients from groups A and B gave a similar trend, with the patient from group B profile exhibiting slightly higher levels. The group A patients reached a maximum IL-10 level (anti-inflammatory cytokine; see Table 2 ) at 5 min post-unclamping followed by a sharp decrease, while the profile of group B displayed overall lower levels of IL-10 (Fig. 4b) . VEGF levels in both patient groups showed a similar trend in this time course (Fig. 3) , although those in group B exhibited an overall higher level with a maximum at 30 min post-unclamping. TGFβ-1 levels from both groups A and B showed opposite trends: the patients in group A having higher levels initially followed by a decrease to levels below limits of detection at later time points, while those in group B had slightly higher levels at 48 and 72 h (Fig. 3) . The soluble P-selectin levels were consistently higher for those in group A than in group B, whose level at 72 h reached below detection limits (Fig. 3) . Figure 4 reports the relationships between ω-6 polyunsaturated fatty acid arachidonic acid and its biosynthetic products and bioactive mediators, focusing on PGE 2 , LTB 4 , and LXA 4 . The monohydroxy product of 15-lipoxygenase [7] , namely 15-HETE, can serve as a pathway marker of lipoxin biosynthesis, and 12-HETE as a marker of platelet activation with release and conversion of arachidonic acid via the platelet 12-LOX. Results in Fig. 4 also demonstrate that the patient from Group B had higher levels of 5-, 12-, and 15-HETE compared to group A. Patient B also had higher levels of the bioactive eicosanoids themselves (Fig. 4) . PGE 2 from LC-MS/MS metabolomics for their identification in samples from AAA patients. Figure 5a reports the relationship between the ω-3 precursor DHA and its metabolic bioactive products, e.g., D-series resolvins (resolvin D1) as well as maresin 1. In these LC-MS/MS-based analyses, both 17-HDHA and 14-HDHA serve as biomarkers for the metabolomic profiling and activation of these two different biosynthetic pathways in vivo (e.g., resolvin vs. maresin pathways) with surgery. Figure 5b illustrates that representative patient from group B had higher levels of both 17-HDHA and 14-HDHA, indicating the presence of pathways leading to the resolution agonists such as RvD1 and MaR1. Figure 5 also illustrates the relationships found for the ω-3 EPA-derived bioactive mediators RvE1 and RvE2. In Fig. 5 lower panel, the intermediate 18-HEPE, a marker of the E-series resolvin pathway [7] , was identified in much higher amounts in the patient representative of group B compared to the levels from the patient in group A.
Figure 5b,c report representative mass spectra for 17-HDHA and 18-HEPE, each identified in samples obtained from AAA patients identified based on their published criteria [17] . Hence, the pathway markers were identified in these patients whereas the bioactive resolvins and protectins were likely further metabolized and escape LC-MS-MS identification in these patient samples.
DISCUSSION
The present report describes the results of the first study that addresses the temporal relationships between local chemical mediators of inflammation and resolution in patients undergoing AAA repair. We focused on both lipid-and peptide-derived chemical mediators of interest and their relationship to well-appreciated pro-inflammatory mediators, including vasoactive eicosanoids and cytokines important to tissue repair [see Table 2 and refs. 8, 18, 19 for reviews]. AAA is a relatively frequent disease (approximately 10 per 100,000 persons/year) [20] . The most appropriate treatment of this disease is surgical repair. The overall post-operative mortality is between 3% and 7% [21] [22] [23] . The pathophysiological basis for the disease is quite complex and includes chronic inflammation [24, 25] . The relatively high rate of complication and mortality after this surgery results from many different factors including older age, multiple comorbidities, and medications that treat the comorbidities; but one of the many reasons for the high rate of complications and mortality is the severe inflammatory response to surgical intervention associated with ischemia-reperfusion injury, either to tissues subjected directly to temporary ischemia followed by reperfusion (all organs and tissues distal to the aortic clamp), and/or injury to distant organs (such as the lungs, kidneys, and others) initiated by activated neutrophils and pro-inflammatory mediators released by reoxygenated tissues [6, [26] [27] [28] [29] [30] . Along with and apparently in response to the release of pro-inflammatory mediators, the formation and release of antiinflammatory cytokines and mediators is also increased. The latter eventually leads to the inflammatory process to subside and/or resolve. Since it is now apparent from results of in vivo experiments with laboratory animals that resolution is an active process that involves the newly uncovered local mediators, namely lipoxins and resolvins [7, 11] , excessive inflammatory responses may arise from the loss of endogenous resolution programs, and can lead to the progression of a chronic inflammatory state [2] . The complete resolution of acute inflammation is critically important in preventing tissue injury, auto-immunity, chronic inflammation, and the return to homeostasis. The AAA patients studied here gave mediator profiles that grouped into two main profiles denoted as group A and B. The profile, magnitude, and relationship between the local mediators monitored herein based on their known potent bioactions (Table 2) suggests that those in the group A profile fit a proinflammatory status throughout the time course and those in group B displayed a pro-resolving mediator profile. These two broad categories may reflect an early resolver population and a delayed resolver population since all patients in both groups recovered. Future translational metabolomic studies are needed to relate these pathways and bioactive mediators to individual patient outcomes (vide infra).
Recently, with samples from humans, Wu et al. reported that the time course of resolution of streptococcal glomerulonephritis is accompanied by increased levels of lipoxin A 4 and decreases in leukotrienes in peripheral blood and urine as the infection resolves [31, 32] . Also, Gilroy et al. found that low-dose aspirin increased 15-epi-lipoxin-A 4 (the aspirin-triggered form of lipoxin A 4 ) in skin blisters in humans, reducing the neutrophil infiltration [33, 34] . The mechanisms for the aspirin-triggered lipoxins as well as resolvins shorten the resolution time in many experimental animal models and include their ability to counterregulate cytokine formation and actions [14] . Along these lines, tumor necrosis factor-α, which is well appreciated as a cytokine in inflammation and infection, has also recently been shown to play a pivotal role in postoperative cognitive decline [35] . Since resolvins, in particular RvE1 and RvD1, counterregulate TNF-α formation and actions, the levels of resolvins may be critical in preventing surgery-induced cognitive decline. Also, recently, aspirin-triggered lipoxin and RvE1 were found to modulate smooth muscle phenotype, which can correlate with the degree and magnitude of atherosclerosis [36] . These findings suggest that the temporal biosynthesis of these mediators following surgery and particularly following AAA repair can have an acute local impact as well as initiate long-range responses in AAA patients that are relevant to long-term effects of surgical intervention and tissue remodeling. Since lipoxins and resolvins can regulate growth factor responses [37] , it is likely that the ability of an individual to generate a pro-resolving profile can have a long-range impact on the outcome of AAA surgery. These findings are also consistent with published literature on LXA 4 inhibition of VEGF and stimulation of IL-10 [38] . Thus, in view of the present results, in order to enhance the endogenous profile, it is important to consider the nutritional availability of essential fatty acids such as arachidonic acid that can be converted to local mediators including the lipoxins and aspirin-triggered lipoxins, as well as the omega-3 essential fatty acids DHA and EPA, which can be converted to resolvins and protectins. The nutritional status upon surgery and the circulating and tissue levels of these fatty acids can have a far-reaching impact on the response to surgical intervention. In the present study, in addition to monitoring the anti-inflammatory and pro-resolving mediators such as lipoxin A 4 , its relationship to the aspirin-triggered epimer was also obtained. Along these lines, it is of interest to point out that the production of lipoxin A 4 was recently documented in peripheral blood of women during parturition [39] . Thus, lipoxin A 4 levels could increase in peripheral blood during pregnancy; however, it is unlikely that any of the patients undergoing the AAA repair procedure in the present study was pregnant. Hence, the lipoxin A 4 levels monitored were more likely to reflect the status of the surgical patient to be able to mount an endogenous anti-inflammatory cascade. Two widely used drugs, aspirin and the statins such as lovastatin, increase the production of 15-epi-LXA 4 [40, 41] , which has a potent pro-resolving and anti-inflammatory action. Thus, the profiles obtained for 15-epilipoxin A 4 documented in the present patients may serve as new means to gauge the ability of the AAA patients to completely resolve and to initiate repair. Along these lines, Gilroy et al. recently identified and defined early resolvers and delayed resolvers as two phenotypes that emerge in healthy subjects challenged in a controlled experimental setting with an inflammatory stimulus [33] . In these healthy subjects on cantharidin-challenge and skin blister formation, lipoxin A 4 and 15-epi-lipoxin A 4 time course of formation within blister exudates defined the early and delayed resolver phenotypes. Also, DiGennaro et al. recently demonstrated in human AAA patients increased expression of leukotriene C 4 synthesis and cysteinyl-leukotriene production in tissue samples from these patients [42] . Together, these recent reports and results from the present emphasize the potential value for monitoring lipoxygenase pathway products and their temporal metabolomics in human samples obtained on challenge in experimental settings and/or in surgery to assess future outcomes associated with excessive leukotriene production and inflammation versus proresolving mediators (e.g., resolvin, protectin), resolution, and the return to homeostasis.
The inflammatory processes associated with surgical AAA repair are relatively well-established [6, 30, 43] . The processes critical in the resolution of inflammation as it concerns AAA repair have not been studied earlier. Therefore, it is reasonable to hypothesize from the present results that the knowledge of these mediators (Table 2 ) and resolution potential in these patients should help to better understand the nature of inflammation and its timely resolution, and to serve as a basis for rational and effective future therapeutics that would improve the outcome of this disease and surgery. In order to test such possibilities, information concerning the time course of changes in pro-, anti-inflammatory mediators, and pro-resolving mediators as well as their relationships was obtained. The results herein thus suggest that surgical patients that have undergone AAA fall into two main groups of temporal profile(s) for local chemical mediator(s): those with an essentially pro-inflammatory profile such as patients in group A or a potential resolving profile as those profiles obtained and noted for patients in group B. Whether these translational metabolomic profiles of local mediators in inflammation and resolution can be used to determine patient outcomes and/or pinpoint their response to surgery or progress to recovery remains for future studies. Nonetheless, the present results identify chemical mediators and metabolomic pathway markers that show temporal changes on surgery and recovery in AAA patients. They also establish the feasibility of using lipidomic metabolomic profiles to gauge initial responses to surgical interventions and their potential outcomes. Together, these results suggest that enhancing the patient profile of endogenous anti-inflammatory and pro-resolving mediators may shorten recovery times, resolution, and improve outcomes in these patients.
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